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ABSTRACT 
MICROSCOPIC OPEN CHANNEL BOUNDARY LAYER VELOCITY 
MEASUREMENT USING A VIRTUAL IMAGE METHOD 
A method f o r  v e l o c i t y  measurement i s  desc r ibed  which employs a microscope 
and h i gh  speed mot ion p i c t u r e  camera t o  r eco rd  the mot ion o f  smal l  t r a c e r  
p a r t i c l e s  suspended i n  the  f l ow .  The procedure,  termed the  image method, 
invo lves  p a r t i c l e  i l l u m i n a t i o n  such t h a t  the  p a r t i c l e  i t s e l f  and i t s  v i r -  
t u a l  image c rea ted  by r e f l e c t i o n  f rom a boundary b o t h  appear on t he  f i l m .  
The boundary i s  then loca ted  e q u i d i s t a n t  f rom the  two images. The p lane  
of  focus i s  o r i e n t e d  normal t o  t h e  boundary g i v i n g  a p i c t u r e  o f  t he  e n t i r e  
v e l o c i t y  p r o f i l e  normal t o  the  boundary w i t h i n  t h e  l i m i t s  o f  t he  f i e l d  o f  
view. A frame by frame ana l ys i s  o f  t h e  p a r t i c l e  mot ion can y i e l d  v e l o c i t y  
p r o f i l e  and tu rbu lence  i n f o rma t i on .  
The image method was adapted t o  a sma l l  open channel. Cons iderab le  d i f -  
f i c u l t y  was encountered i n  i 1 l um ina t i ng  the  p a r t i c l e s  w i t h  s u f f i c i e n t  
i n t e n s i t y  t o  impress t h e i r  image on t he  f i l m .  Thus, q u a n t i t a t i v e  da ta  
was n o t  obta ined.  I t  was concluded t h a t  t he  lens system used t o  focus 
the  l i g h t  source was inadequate. However, t he  method has p o t e n t i a l  a p p l i -  
ca t i ons  i n  v e l o c i t y  measurement near a boundary and f low v i s u a l i z a t i o n  
' s t u d i e s .  
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NOTAT l ON 
D = d iamete r  o f  f i e l d  o f  v i e w  
F = f r e e  w o r k i n g  d i s t a n c e  o f  m ic roscope  l e n s  
n  n  = i n d i c e s  o f  r e f r a c t i o n  o f  g l a s s  and w a t e r  
g '  w  
S = X c o o r d i n a t e  o f  i n t e r s e c t i o n  o f  l i g h t  r a y  w i t h  X a x i s  
T  = t h i c k n e s s  o f  g l a s s  channel  bo t tom 
A t  = t i m e  increment  
v  = v e l o c i t y  
X ,  Y = c o o r d i n a t e s  o f  t r a c e r  p a r t i c l e  
X r ,  Y = c o o r d i n a t e s  o f  r e a l  image o f  p a r t i c l e  
r 
Y = c o o r d i n a t e s  o f  v i r t u a l  image o f  p a r t i c l e  X v )  v  
Z = d i s t a n c e  f rom microscope l e n s  t o  bo t tom o f  channel  
6, @, @ = ang les  l i g h t  r a y s  make w i t h  t h e  v e r t i c a l  
* 
11 = m i c r o n  
1 .  l NTRODUCT l ON 
1 . 1  - O b j e c t i v e  and Scope 
T h i s  r e p o r t  r e p r e s e n t s  a  c o n t i n u a t i o n  o f  t h e  work  wh ich  i s  
d e s c r i b e d  i n  WRC Research Repor t  No. 13, "M ic roscop ic  D e t e r m i n a t i o n  o f  
Boundary Shear and Sub layer  Tu rbu lence  C h a r a c t e r i s t i c s  i n  an Open 
The o v e r a l l  o b j e c t i v e  o f  t hese  two s t u d i e s  i s  t o  deve lop  Channel 
and a p p l y  m i c r o s c o p i c  v e l o c i t y  measurement methods wh ich  wou ld  p e r m i t  
q u a n t i t a t i v e  o b s e r v a t i o n  o f  t h e  boundary l a y e r  r e g i o n  o f  an open chan- 
n e l .  T h i s  i n f o r m a t i o n  c o u l d  t h e n  be used t o  i n v e s t i g a t e  t h e  l o c a l  
magni tude and d i s t r i b u t i o n  o f  boundary shear s t r e s s  wh ich  i n  t u r n  
wou ld  p e r m i t  a  more i n t e l l i g e n t  d e s i g n  o f  channe l  geometry.  
B a s i c a l l y  t h e  method i n v o l v e s  t h e  use o f  a  microscope t o  ob- 
s e r v e  t h e  mo t ion  o f  sma l l  p a r t i c l e s  suspended i n  t h e  f l o w .  The p a r t i -  
c l e s  a r e  n e u t r a l l y  bouyant  and a r e  sma l l  enough so t h a t  t h e y  respond 
a lmos t  i n s t a n t l y  t o  v e l o c i t y  f l u c t u a t i o n s .  T h e r e f o r e ,  by  pho tog raph ing  
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t h e i r  m o t i o n  u s i n g  a  h i g h  speed m o t i o n  p i c t u r e  camera b o t h  l o c a l  mean 
and t u r b u l e n t  v e l o c i t y  d a t a  can be o b t a i n e d  as d e s c r i b e d  i n  Chapter  3. 
The method d e s c r i b e d  i n  WRC Repor t  13 was l i m i t e d  t o  obse rva -  
t i o n  o f  t h e  p a r t i c l e s  i n  a  p l a n e  wh ich  i s  p a r a l l e l  t o  t h e  channel  boundary 
Thus, i n  o r d e r  t o  i n v e s t i g a t e  v a r i a t i o n s  normal  t o  t h e  boundary t h e  p l a n e  
o f  focus o f  t h e  microscope must be a d j u s t e d  t o  v a r i o u s  d i s t a n c e s  f r o m  
t h e  boundary and d a t a  taken a t  each l e v e l .  There a r e  c e r t a i n  e r r o r s  wh ich  
a r e  i n h e r e n t  t o  t h i s  method wh ich  e x i s t  because o f  t h e  f i n i t e  dep th  o f  
f ocus  o f  t h e  o b j e c t i v e  l ens  o f  t h e  microscope.  These a r e  d i scussed  i n  
d e t a i l  i n  WRC Repor t  13. The method d i scussed  i n  t h i s  r e p o r t  i s  based 
.1 
Raised numbers i n  p a r e n t h e s i s  r e f e r  t o  r e f e r e n c e  l i s t .  
( 3 )  on a  t e c h n i q u e  developed by Chen and ~ m r i c h " )  and E l  r i c k  and Emrich . 
T h i s  techn ique ,  h e r e i n  c a l l e d  t h e  image method, i n v o l v e d  t h e  observa-  
t i o n  o f  p a r t i c l e  m o t i o n  i n  a  p l a n e  wh ich  i s  normal t o  t h e  boundary.  
The boundary i s  a  p l a n e  r e f l e c t i n g  s u r f a c e  and t h e  l i g h t  sou rce  i s  d i -  
r e c t e d  such t h a t  a  d i r e c t  o r  r e a l  image and a  r e f l e c t e d  o r  v i r t u a l  
image o f  a  p a r t i c l e  near  t h e  w a l l  i s  seen and photographed th rough  t h e  
microscope.  The boundary i s  l o c a t e d ,  i n  g e n e r a l ,  midway between the  
images. Thus, t h i s  method g i v e s  a  p i c t u r e  o f  t h e  e n t i r e  v e l o c i t y  p r o -  
f i l e  normal t o  t h e  boundary on one f i l m  s i n c e  p a r t i c l e s  a t  v a r i o u s  
d i s t a n c e s  f r o m  t h e  boundary appear on t h e  f i l m  and t h e  d i s t a n c e  f r o m  
t h e  boundary o f  each p a r t i c l e  can be d i r e c t l y  measured. T h i s  p rocedure  
i s  a  s i g n i f i c a n t  improvement o v e r  t h e  p r e v i o u s  one i n  t h a t  t h e  e r r o r s  
a s s o c i a t e d  w i t h  a  v e l o c i t y  g r a d i e n t  e x i s t i n g  ac ross  t h e  dep th  o f  f ocus  
a r e  g e n e r a l l y  e l i m i n a t e d  because t h e  p r i n c i p a l  v e l o c i t y  g r a d i e n t  i s  i n  
t h e  f o c a l  p l a n e  r a t h e r  than  ac ross  i t .  
I 
T h i s  r e p o r t  d e s c r i b e s  t h e  a p p l i c a t i o n  o f  t h e  image method t o  
boundary l a y e r  v e l o c i t y  measurements i n  a  sma l l  l a b o r a t o r y  open channe l .  
The appara tus  i s  d e s c r i b e d  and an a n a l y s i s  o f  t h e  o p t i c s  o f  t h e  method 
i s  p resen ted .  A d i s c u s s i o n  o f  t h e  advantages and d i sadvan tages  i s  g i v e n  
t o g e t h e r  w i t h  c o n c l u s i o n s  and recommendations. 
1.2 - Keview o f  P rev ious  Study 
The techn ique  o f  f l o w  v i s u a l i z a t i o n  u s i n g  a  m ic roscope  was 
(4)  p ioneered  by Fage and Townend who observed t h e  p a r t i c l e s  p r e s e n t  i n  
o r d i n a r y  t a p  w a t e r  f l o w i n g  i n  a  square b rass  p i p e .  They employed a  
r o t a t i n g  l ens  system wh ich  p e r m i t t e d  t h e  o b s e r v a t i o n  o f  t u r b u l e n t  
v e l o c i t y  f l u c t u a t i o n s  b u t  t h e y  were u n a b l e  t o  o b t a i n  photographs.  I n  
1936, ~ a ~ e ' ~ )  r e p o r t e d  o b s e r v a t i o n s  o f  t u r b u l e n t  f l o w  i n  a  1.064 i n .  
d iamete r  round tube.  Aga in  no photographs were taken .  Cne y e a r  l a t e r ,  
Vogel poh l  and ~ a n n e s m a n n ' ~ )  pub1 i shed t h e  r e s u l  t s  o f  quant  i t a t  i v e  v e l o c -  
i t y  measurements i n  t h e  l a m i n a r  and t r a n s i t i o n  r e g i o n .  ,A l i g h t  i n t e r - .  
r u p t e r  d i s k  was used t o  o b t a i n  s t r e a k s  on a  pho tog raph  and f i n e  aluminum 
p a r t i c l e s  were used as t r a c e r s .  F low p a t t e r n s  were s t u d i e d  i n  t h e  en- 
t r a n c e  and f u l l y  deve loped s e c t i o n s  o f  a  c i r c u l a r  p i p e .  Fage has 
employed t h e  u l t r a m i c r o s c o p e  t o  make a d d i t i o n a l  s t u d i e s .  I n  1941, work  
w i t h  Pres ton" )  was r e p o r t e d  i n  wh ich  t h e  boundary l a y e r  t r a n s i t i o n  f r o m  
l a m i n a r  t o  t u r b u l e n t  f l o w  was s t u d i e d .  Aga in ,  i n  1955, Fage r e p o r t e d  
(8)  a d d i t i o n a l  s t u d i e s  o f  boundary l a y e r  f l o w  . 
Severa l  more r e c e n t  s t u d i e s  have r e s u l t e d  f r o m  a  renewed i n t e r -  
e s t  i n  boundary l a y e r  f l o w  and f r o m  t h e  improvement o f  m i c r o s c o p i c  e q u i p -  
, 
ment. ~ o c k ' ~ )  used p o l y s t r e n e  l a t e x  spheres i n  a  s t u d y  o f  l a m i n a r  f l o w  
i n  a  s m a l l  r e c t a n g u l a r  d u c t .  He photographed t h e i r  m o t i o n  w i t h  a  35 mm 
camera, u s i n g  a  t i m e  exposure,  t o  o b t a i n  s t r e a k  photographs f r o m  wh ich  
t h e  v e l o c i t y  c o u l d  be determined.  Much o f  t h e  m i c r o s c o p i c  equipment used 
i n  t h e  p r e s e n t  p r o j e c t  i s  s i m i l a r  t o  t h a t  used by Bock. He made v e l o c i t y  
measurements t o  w i t h i n  10 m ic rons  (p)  o f  t h e  boundary and v e r i f i e d  t h e  
i n t e r e s t i n g  and y e t  unexp la ined  s inuous  m o t i o n  r e p o r t e d  by p r e v i o u s  i n -  
v e s t i g a t o r s .  The method was f i r s t  used f o r  open channel  f l o w  by Vasuki  (1 0)  
who measured v e l o c i t y  p r o f i l e s  o f  l a m i n a r  f l o w  w i t h  dep ths  o f  80 t o  120 p .  
(1 )  I t  was then  adapted t o  t u r b u l e n t  open channel  f l o w  by  Wenzel and Mathews . 
Us ing  equipment s i m i l a r  t o  Bock 's  Carver  and Nadol i n k "  l )  measured v e l o c i t y  
p r o f i l e s  o f  l a m i n a r  f l o w  o f  w a t e r  i n  a  r e c t a n g u l a r  t ube  w i t h  and w i t h o u t  
non-;,.:ewtonian a d d i t i v e s .  They used a  r o t a t i n g  d i s k  t o  i n t e r r u p t  t h e  
l i g h t  source,  p r o d u c i n g  a  s e r i e s  o f  s t r e a k s  on 35 mm and P o l a r o i d  f i l m .  
I n  subsequent work ( I 2 )  t h e y  employed a  16 mm h i g h  speed camera t o  s t u d y  
l a m i n a r  and t u r b u l e n t  v e l o c i t y  p r o f i l e s  o f  d i s t i l l e d  wa te r  and aqueous 
s o l u t i o n s  o f  non-l !ewtonian a d d i t i v e s .  I t  s h o u l d  be p o i n t e d  o u t  t h a t  
a l l  o f  t h e  above s t u d i e s  were made u s i n g  a  r e a l  image method. That  i s  
t h e  r e a l  image o n l y  o f  t h e  p a r t i c l e  was observed,  a  mechan ica l  scheme 
was r e q u i r e d  t o  d e t e r m i n e  t h e  d i s t a n c e  f r o m  t h e  boundary t o  t h e  f o c a l  
p l a n e  and t h e  p r i m a r y  v e l o c i t y  g r a d i e n t  was normal  t o  t h e  f o c a l  p l a n e .  
The v i r t u a l  image method was deve loped by Chen and Emr ich  (2 )  
i n  boundary l a y e r  shock t u b e  s t u d i e s .  I t  was then  adapted t o  observa-  
t i o n  o f  t h e  boundary l a y e r  r e g i o n  o f  a  1.52 i n .  by 0.567 i n .  r e c t a n g u l a r  
p i p e  w i t h  a i r  as t h e  f l u i d  and c i g a r e t t e  smoke p a r t i c l e s  as t r a c e r s .  ( 3 )  
+ 
2. APPARATUS 
2.1 - Flow Svstem 
The f l o w  system was a  m o d i f i c a t i o n  o f  t h e  appara tus  d e s c r i b e d  
i n  WRC Repor t  13. The channe l ,  shown i n F i g .  1 wh ich  was c o n s t r u c t e d  
i n s i d e  t h e  channel  d e s c r i b e d  i n  Repor t  13, was r e c t a n g u l a r ,  10 f t  long ,  
1 i n .  w ide  w i t h  1 i n .  s i d e  w a l l s .  The s i d e  w a l l s  were p l e x i g l a s s  and 
one w a l l  was coa ted  w i t h  a  r e f l e c t i n g  s u r f a c e  a t  t h e  o b s e r v a t i o n  s e c t i o n .  
The channel  i t s e l f  was suppor ted  on an aluminum beam wh ich  can be seen 
i n  F i g .  1 .  The bo t tom o f  t h e  channel  r e s t e d  on 6 i n .  by 10 i n .  g l a s s  
s u p p o r t  p l a t e s  wh ich  i n  t u r n  r e s t e d  on p a i r s  o f  a d j u s t i n g  screws wh ich  
were th readed  th rough  t h e  beam. The beam was p i v o t e d  a t  t h e  downst ream 
end and t h e  s l o p e  c o u l d  be a d j u s t e d  by means o f  a  screw system a t  t h e  
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upst ream end and read t o  0.001 p e r c e n t  u s i n g  a  d i a l  gage a t t a c h e d  t o  t h e  
head tank .  The w a t e r  was r e c i r c u l a t e d  u s i n g  a  5  gpm c e n t r i f u g a l  pump 
wh ich  was mounted i n  t h e  f l o o r  and connected t o  t h e  system th rough  f l e x -  
i b l e  hoses wh ich  p reven ted  v i b r a t i o n s  f r o m  b e i n g  t r a n s m i t t e d  t o  t h e  
channe l .  Copper and v i n y l  t u b i n g  was used t h r o u g h o u t .  Flow r a t e  was 
measured u s i n g  a  c a l i b r a t e d  o r i f i c e  m e t e r ,  v i s i b l e  i n  F i g .  1 ,  l o c a t e d  
i n  t h e  r e t u r n  l i n e  below t h e  beam. 
P o l y s t y r e n e  l a y t e x  spheres s u p p l i e d  by Dow Chemical Company 
were used as t r a c e r  p a r t i c l e s .  The p a r t i c l e s  have a  s p e c i f i c  g r a v i t y  
o f  1.05, an average d iamete r  o f  1.099 u w i t h  a  s t a n d a r d  d e v i a t i o n  o f  
0.0059 u. About 15 drops o f  t h e  10 p e r c e n t  s o l i d  suspens ion was added 
t o  t h e  15 g a l .  o f  d i s t i l l e d  w a t e r  i n  t h e  f l o w  system, r e s u l t i n g  i n  a  
f i n a l  s o l i d  c o n c e n t r a t i o n  o f  about  0.0025 p e r c e n t .  
2.2 - M i c r o s c o ~ e  Svstem 
The microscope used was a  commercia l  L e i t z  L a b o r l u x  I I .  I t  
was mounted i n  an i n v e r t e d  p o s i t i o n  be low t h e  channel  t o  e l i m i n a t e  t h e  
image r e f r a c t i o n s  caused by sma l l  s u r f a c e  waves wh ich  wou ld  r e s u l t  i n  
u n d e s i r a b l e  apparen t  p a r t i c l e  mo t ion .  The microscope was mounted on 
a  s t e e l  f rame, shown i n  F i g s .  1 and 2 ,  wh ich  r e s t e d  on t h e  f l o o r  and 
was thus  independent o f  t h e  channel  o r . c a m e r a .  A v iew  o f  t h e  m i c r o -  
scope i n  p o s i t i o n  w i t h  t h e  camera removed i s  shown i n  F i g .  3 .  The 
f o c a l  p o i n t  was a d j u s t a b l e  by means o f  a  m ic romete r  screw c a l i b r a t e d  
i n  1~ d i v i s i o n s .  Wowever, t h e  c a l i b r a t i o n  was n o t  e x a c t  so a  d i a l  
gage was mounted between t h e  o p t i c a l  t ube  and t h e  s u p p o r t  beam as shown 
i n  F i g .  3 .  The gage was c a l i b r a t e d  i n  1 2 . 5 ~  d i v i s i o n s  and c o u l d  be 
i n t e r p o l a t e d  t o  2 . 5 ~ .  
The o p t i c a l  system c o n s i s t e d  o f  e i t h e r  a  32x o r  a  50x o b j e c -  
t i v e  l ens  and a  l o x  eyep iece  mounted i n  t h e  o p t i c a l  t ube .  The d e p t h  
o f  f o c a l  f i e l d  o f  t h e  50x was e x p e r i m e n t a l l y  de te rm ined  t o  be about  1 1 ~ 1  
and t h a t  o f  t h e  32x was 2 4 ~ 1 .  I t  was conc luded t h a t  t h e  32x l e n s  was 
most a p p r o p r i a t e  s i n c e  i t  produced a  sha rpe r  image than  t h e  50x. I t s  
l a r g e  dep th  o f  f i e l d  was n o t  a  s e r i o u s  hand icap.  
The i l l u m i n a t i o n  system was t h e  most c r i t i c a l  p a r t  o f  t h e  
appara tus  and proved t o  be t h e  p r i m a r y  reason why q u a n t i t a t i v e  d a t a  was 
n o t  o b t a i n e d .  The l i g h t  source was a  150 w a t t  xenon lamp mounted on a  
f rame above t h e  channel  as shown i n  F i g .  1 .  The l i g h t  e m i t t i n g  f r o m  
t h e  lamp was focused th rough  a  l e n s  system and r e f l e c t e d  by a  m i r r o r  
shown i n  F i g .  4, down o n t o  t h e  channe l .  The m i r r o r  was s e t  such t h a t  
t h e  a x i s  o f  t h e  l i g h t  rays  was s l i g h t l y  i n c l i n e d  t o  t h e  v e r t i c a l  a x i s  


o f  t he  o b j e c t i v e  lens .  Th i s  produced a  dark  f i e l d  o f  v iew w i t h  o n l y  
t he  l i g h t  r e f l e c t e d  by the  p a r t i c l e s  pass ing  i n t o  the  lens .  The l i g h t  
beam a x i s  was a l s o  s l i g h t l y  i n c l i n e d  t o  t he  p lane  o f  t he  r e f l e c t i n g  
channel w a l l ,  thus produc ing a  r e f l e c t e d  as w e l l  as a  r e a l  image. The 
m i r r o r  and lens  were ad jus ted  such t h a t  t he  l i g h t  rays were focused a t  
t he  des i r ed  p o i n t  i n  t he  f l ow .  
P a r t i c l e  mot ion was photographed w i t h  a  16 mm Fastax h i g h  
speed mot ion p i c t u r e  camera, shown i n  F i g .  2,  w i t h  a  100 f t  f i l m  c a p a c i t y  
and a  50 mm lens .  The camera was mounted on a  t r i p o d  and d r i v e n  by a  
c o n t r o l  u n i t .  The p a r t i c l e  image was t r a n s m i t t e d  i n t o  the  lens  through - 
a  l a t e r a l  obse rva t i on  tube c o n t a i n i n g  a  d e f l e c t i n g  p r i sm  and observed 
through t h e  camera v iew ing  system. The camera lens was p o s i t i o n e d  very  
c losed  bu t  n o t  i n  con tac t  w i t h  t he  obse rva t i on  tube, thereby p reven t i ng  
camera v i b r a t i o n s  f rom being t r a n s m i t t e d  t o  t he  microscope. Camera 
speeds o f  1000 t a  5000 frames/sec were used. To p r o v i d e  a  f i x e d  r e f e r -  
ence system on t he  f i l m  a  c r o s s - h a i r  d i s k  was mounted i n  t he  microscope 
tube. The c r o s s - h a i r  was a l i g n e d  p a r a l l e l  and normal t o  t he  channel 
cen te r  l i n e .  Use o f  t he  c r o s s - h a i r  r e f e rence  system would e l i m i n a t e  
any e r r o r s , d u e  t o  camera v i b r a t i o n .  A 1000 cyc le /sec  t i m i n g  pu l se  was 
imposed on t he  edge o f  the  Kodak T r i - x  16 mm nega t i ve  f i l m .  The h i g h  
f requency pu l se  was requ i r ed  s ince  t h e  f i l m  was c o n s t a n t l y  be ing  acce le-  
r a t e d  as i t  was exposed caus ing the  t ime i n t e r v a l  between frames t o  va ry .  
2.3 - Exper imenta l  Procedure and Data Reduct ion 
Because o f  l i g h t i n g  problems, as discussed l a t e r  i n  t he  r e p o r t ,  
none o f  the  f i l m  which was taken was analyzed frame by frame. However, 
t h e  e x p e r i m e n t a l  p rocedure  and d a t a  r e d u c t i o n  method a r e  w e l l  deve loped 
and a r e  d e s c r i b e d  i n  d e t a i l  i n  WRC Repor t  13. Only a  b r i e f  summary i s  
p r e s e n t e d  he re .  
A f t e r  t h e  d e s i r e d  f l o w  c o n d i t i o n s  were ach ieved  and reco rded ,  
t h e  microscope was focused so t h a t  t h e  channel  bo t tom was near  t h e  upper 
l i m i t  o f  t h e  p l a n e  o f  f ocus .  T h i s  was used as t h e  z e r o  dep th  p o s i t i o n  
and t h e  d i a l  gage and m ic romete r  a d j u s t i n g  screw p o s i t i o n  on t h e  m i c r o -  
scope was no ted .  The microscope was t h e n  r a i s e d  a  p rede te rm ined  
d i s t a n c e  u s i n g  t h e  m ic romete r  screw, and i t s  r e a d i n g  as w e l l  as t h a t  
o f  t h e  d i a l  gage were recorded.  The l e n s  and m i r r o r  system was a d j u s t e d  
f o r  optimum c o n t r a s t ,  A 100 f t  spoo l  o f  f i l m  was t h e n  p l a c e d  i n  t h e  
camera, t h e  d e s i r e d  speed s e t  on  t h e  camera c o n t r o l  u n i t ,  and t h e  f i l m  
exposed. A l e n g t h  s c a l e  was e s t a b l i s h e d  by  p h o t o g r a p h i n g  a  s t a g e  m i c r o -  
meter  wh ich  was d i v i d e d  i n t o  1 0 ~  increments .  
The d a t a  r e d u c t i o n  p rocedure  as f o l l o w e d  i n  Repor t  13 con- 
s i s t e d  o f  t h r e e  phases: (a) d e t e r m i n a t i o n  o f  a  r e a l  t i m e  c a l i b r a t i o n  
o f  t h e  f i  l m  on a  f rame by f rame b a s i s ,  (b )  e s t a b l  ishment o f  t h e  c o o r d i -  
n a t e s  o f  t h e  p a r t i c l e s  judged t o  be i n  f o c u s ,  and (c )  compu ta t i on  o f  
t h e  v e l o c i t y  o f  each p a r t i c l e  between two s u c c e s s i v e  f rames.  
The t i m e  c a l i b r a t i o n  was based on t h e  0.001 sec t i m i n g  marks 
on t h e  f i l m  edge. The f i l m  was p r o j e c t e d  on a  screen and t h e  p o s i t i o n  
o f  each mark was c o r r e l a t e d  w i t h  f rame number. Through t h e  use o f  a  
computer  program t h e  c a l i b r a t i o n  was smoothed and t rans fo rmed  i n t o  a  
t i m e  a s s o c i a t e d  w i t h  t h e  b e g i n n i n g  o f  each frame. 
I t  was p lanned t o  o b t a i n  p a r t i c l e  c o o r d i n a t e s  u s i n g  a  W i l d  
STK-1 O p t i c a l  Comparator wh ich  was a v a i l a b l e .  T h i s  i n s t r u m e n t  i s  capab le  
o f  r e c o r d i n g  an unmagn i f i ed  l e n g t h  t o  w i t h i n  1p. P a r t i c l e  and c r o s s - h a i r  
coord ina tes  cou ld  be recorded d i r e c t l y  on computer cards a long  w i t h  
frame number. 
A computer program was a v a i l a b l e  t o  use the above da ta  t o  
compute p a r t i c l e  v e l o c i t i e s  u s i n g  t he  genera l  equa t i on  v  = Ax/At where 
Ax i s  t he  d i f f e r e n c e  i n  coord ina tes  o f  a  p a r t i c l e  i n  e i t h e r  the  l o n g i -  
t u d i n a l  o r  l a t e r a l  d i r e c t i o n s  d u r i n g  a  t ime  i n t e r v a l  A t ,  W i th  p a r t i c l e  
v e l o c i t y  computat ions complete mean v e l o c i t y  p r o f i l e s ,  boundary shear,  
and tu rbu lence  parameters can be computed. 
3. ANALYSIS OF THE IMAGE METHOD 
3.1 - Locat ion  o f  V i r t u a l  Image o f  P a r t i c l e  
As descr ibed  i n  Chapter 1 ,  t he  image method produces a p i c t u r e  
o f  p a r t i c l e  mot ion i n  a  p lane  normal t o  a  r e f l e c t i n g  boundary. 50th a  
r e a l  and v i r t u a l  image i s  seen. I n  o r d e r  t o  determine t he  l o c a t i o n  o f  
t he  p a r t i c l e  w i t h  respec t  t o  the  boundary an a n a l y s i s  o f  l i g h t  r ay  pa t -  
t e r n s  i s  u s e f u l .  
R e f e r r i n g  t o  F ig .  5 ,  two 1 i g h t  rays,  R, and R 2 ,  r e f l e c t i n g  
f rom the  p a r t i c l e  P a re  shown. The rays r e f l e c t  o f f  t he  v e r t i c a l  re -  
f l e c t i n g  channel w a l l  and pass through t he  g l ass  bot tom o f  t h i c kness  T, 
i n t o  t he  a i r  and f i n a l l y  i n t o  t he  microscope o b j e c t i v e  lens.  The pur -  
pose o f  t he  f o l l o w i n g  development i s  t o  determine express ions f o r  t he  
coord ina tes  o f  t he  v i r t u a l  image, ( xv ,  Yv),  i n  terms o f  t he  ac tua l  
coord ina tes  o f  t h e  p a r t i c l e  (x ,  Y )  and t h e  angles shown. The c a r t e s i a n  
coo rd i na te  system i s  s e t  w i t h  t he  axes c o i n c i d i n g  w i t h  t he  v e r t i c a l  re -  
f l e c t i n g  w a l l  and t he  t op  su r f ace  o f  t h e  g l ass  bottom. The v i r t u a l  image 
w i l l  be loca ted  a t  t he  i n t e r s e c t i o n  o f  t h e  dashed l i n e s  which a re  e x t r a -  
p o l a t i o n s  o f  t he  rays back a t  t he  angels  @ and @ From F ig .  5 t he  1 2 ' 
f o l l o w i n g  express ions can be w r i t t e n .  
S 1  + ASl - Xv 
t an  = Yv  + T 
S2 + A S 2  - Xv 
tan  @2 = Yv  + T 
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I t  should be po in ted  ou t  here  t h a t  i f  t he  angles a r e  smal l  such t h a t  
2 tan8 - s i n0  and s i n  8  c< 1 Eqs. 9 reduce t o  
( lo -a )  
(1 0-b) 
The equat ions f o r  t he  coord ina tes  o f  the  r e a l  image ( X  r ,  Yr) , 
r e f e r r i n g  to  F ig ,  6 ,  a r e  developed i n  t h e  same manner except  t h a t  Eq. 8 
now becomes 
Th i s  mere ly  produces a  change i n  the s i g n  o f  t he  second term on t he  r i g h t  
s i d e  o f  Eq. 9-a and the f i n a l  r e s u l t  cor responding t o  Eqs. 10 i s  

Thus, i t  i s  seen t h a t  i f  t h e  sma l l  a n g l e  assumpt ion  i s  v a l i d  
t h e  r e a l  and v i r t u a l  images a r e  s y m m e t r i c a l l y  l o c a t e d  about  t h e  r e f l e c t -  
i n g  w a l l  and t h e  a c t u a l  d i s t a n c e  f r o m  t h e  w a l l  o f  t h e  p a r t i c l e  can be 
de te rm ined  s i m p l y  by d i v i d i n g  t h e  s c a l e d  d i s t a n c e  between t h e  p a r t i c l e s  
on t h e  f i l m  i n  h a l f .  
I n  o r d e r  t o  i n v e s t i g a t e  t h e  v a l i d i t y  o f  t h e  sma l l  a n g l e  
assumpt ion  Eqs. 9 a r e  m o d i f i e d  t o  t h e  l i m i t i n g  c o n d i t i o n  
-z $2 + Omax 
where 4 i s  t h e  maximum v e r t i c a l  a n g l e  w i t h  wh ich  a  l i g h t  r a y  can e n t e r  
ma x  
t h e  o b j e c t i v e  and be t r a n s m i t t e d  t h r o u g h  t h e  microscope l e n s  system. 
T h i s  a n g l e  was e x p e r i m e n t a l l y  de te rm ined  f o r  each lens  by v i e w i n g  a  s t a g e  
m ic romete r  and n o t i n g  t h e  d iamete r ,  D ,  o f  t h e  f i e l d  o f  v iew.  Thus 
- 
D 
-
'max 2F 
where F  i s  t h e  f r e e  w o r k i n g  d i s t a n c e  o f  t h e  o b j e c t i v e .  T a b l e  1 shows 
t h e  r e s u l t  f o r  t h e  two lenses used. 
T a b l e  1 .  O b j e c t i v e  Lens P r o p e r t i e s  
I t  i s  seen t h a t  @ i s  sma l l  enough so t h a t  t h e  a p p r o x i m a t i o n  i s  
max 
v a l i d  f o r  p r a c t i c a l  purposes.  However, t h i s  can be f u r t h e r  v e r i f i e d  
th rough  t h e  f o l l o w i n g  devklopment.  
Lens 
32x 
50x 
s i n e  = s i n ( 9  + 68) = s i n e l  + 6 8 ~ 0 ~ 6  2  1 1 (14-a) 
Us ing  Eqs. 14-2,  b, and t h e  f i r s t  two terms o f  t heb i ,onomia l  expans ion 
Numer ica l  
A p e r t u r e  
0.30 
0.60 
i n  Eq.  14-c, can be s i m p l i f i e d .  
L 
2 2  n  W 
s i n e 2 ( 1  - n  2 s i n  e l )  - s i n e 1  (1 - n  2 s i n  9  ) = 68cosel (1 -  2 
W W 2  2  s i n  e l )  (15-a)  
F  
1 4 , 9 0 0 ~  
6 , 5 0 0 ~  
D 
57011 
3 5 0 ~  
- 
' 8  
max 
0.0269 
0.0269 
-- 
8  
ma x 
0.0203 
0.0203 
, 
Depth o f  
Foca l  F i e l d  
1111 
2 4 ~  
- 
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f r o m  t h e  v e r t i c a l  w a l l  
Eq. 16-a, u s i n g  Eq. 17, was used t o  show t h e  maximum p e r c e n t  d i f f e r e n c e  
between X and X as a  f u n c t i o n  o f  8, T  and Y .  F i g .  7 shows t h e  e f f e c t  
v  
o f  8 on t h e  d i f f e r e n c e .  I t  i s  seen t h a t  t h e  a n g l e  i s  an i m p o r t a n t  v a r i -  
a b l e  w i t h  t h e  d i f f e r e n c e  i n c r e a s i n g  a p p r o x i m a t e l y  w i t h  t h e  square  o f  t h e  
a n g l e  and t h a t  t h e  d i f f e r e n c e  approaches a  c o n s t a n t  pe rcen tage  as Y i n -  
c reases.  The e f f e c t  o f  T  on t h e  d i f f e r e n c e  i s  shown i n  F i g .  8 wh ich  i s  . 
f o r  t h e  two o b j e c t i v e s  d e s c r i b e d  i n  Tab1e. l .  I t  i s  seen t h a t  as T  i n -  
c reases t h e  d i f f e r e n c e  inc reases  a l t h o u g h  i t  i s  n o t  as s e n s i t i v e  t o  r e l a -  
t i v e  changes i n  T  as i s  t o  r e l a t i v e  changes i n  8 .  Aga in  as Y i nc reases  
, t h e  d i f f e r e n c e  approaches a  c o n s t a n t  pe rcen tage .  
The e f f e c t  o f  8, T  and Y on t h e  d i f f e r e n c e  between t h e  Y co-  
o r d i n a t e s  o f  t h e  r e a l  and v i r t u a l  images i s  shown i n  F i g s .  9 and 10. I n  
F i g .  9, Eq. 16-b was e v a l u a t e d  f o r  v a r i o u s  depths  and T  v a l u e s  w i t h  t h e  
l i m i t i n g  8  f r o m  T a b l e  1 .  The te rm Y r e p r e s e n t s  t h e  v a l u e  o f  Y f o r  a  
v  0 v  
p a r t i c l e  art Y = 0. I t  i s  seen t h a t  t h e  p e r c e n t  d i f f e r e n c e  i s  g r e a t e r  
t han  t h e  c o r r e s p o n d i n g  X c o o r d i n a t e  v a l u e  and t h a t  i t  i n c r e a s e s  w i t h  i n -  
c r e a s i n g  T. F i g .  10 shows t h e  a b s o l u t e  v a l u e  o f  t h e  Y c o o r d i n a t e  d i f f e r -  
ences f o r  each l e n s  as a  f u n c t i o n  o f  Y .  T h i s  shows t h a t  t h e  d i f f e r e n c e  
i s  l e s s  than  t h e  dep th  o f  f o c a l  f i e l d  o f  e i t h e r  l ens  and so  even f o r  t h i s  
ex t reme case t h e  d i f f e r e n c e  c o u l d  n o t  be e a s i l y  d e t e c t e d .  
l l t h o u g h  the' p r e v i o u s  d i s c u s s i o n  was l i m i t e d  t o  d e a l i n g  w i t h  
rays  e n t e r i n g  t h e  l e n s  a t  t h e  maximum p e r m i s s a b l e  a n g l e ,  i n  genera l  r a y s  
o f  s m a l l e r  a n g l e s  a r e  p r e s e n t .  The genera l  e f f e c t  o f  t h e  g l a s s  bot tom,  
then,  i s  t o  cause t h e  rays  t o  focus o v e r  a  r e g i o n  wh ich  i s  l a r g e r  than  
t h e  p a r t i c l e  i t s e l f .  T h i s  e x p l a i n s  i n  p a r t  t h e  f a c t  t h a t  t h e  p a r t i c l e s  
appear l a r g e r  on t h e  f i l m  than  t h e i r  a c t u a l  s i z e .  D e f r a c t i o n  a l s o  con- 
t r i b u t e s  t o  t h i s  e f f e c t .  However, t h e  d i s c u s s i o n  shows t h a t  t h i s  
en largement  i s  n o t  s i g n i f i c a n t .  F i g .  1 1  shows an en largement  o f  a  p o r t i o n  
o f  a  f i l m  wh ich  shows t h e  p a r t i c l e s  and t h e i r  v i r t u a l  images. 
3 . 2  - L i m i t a t i o n s  on S i z e  o f  V iew ing  F ' i e l d  
The maximum dep th ,  Y ,  above t h e  channel  bo t tom a t  wh ich  a  p a r t i -  
c l e  can be seen i s  a  f u n c t i o n  o f  t h e  f r e e  w o r k i n g  d i s t a n c e  o f  t h e  l e n s ,  
. 
F, as w e l l  as t h e  t h i c k n e s s  o f  t h e  b o t t o m  g l a s s .  From F i g .  5 ,  t h e  d i s -  
tance f r o m  t h e  o b j e c t i v e  t o  t h e  image i s  made up o f  t h r e e  components. 
S o l v i n g  f o r  Z and s u b s t i t u t i n g  Eq.  10-b 
The maximum v a l u e  o f  Y cor responds t o  Z = 0 .  
Using va lues o f  F f rom Table  1 y i e l d s  Y = 1 4 , 4 0 0 ~  f o r  t he  32X lens 
max 
and 'max = 2 , 1 6 0 ~  f o r  t h e  50X lens .  
The maximum va lue  o f  X f o r  which a  v i r t u a l  image can be seen 
i s  l i m i t e d  by the  maximum v i s u a l  ang le  8  as g i ven  i n  Table  1 .  
max 
. . 
tan0 - max - -  
max Y 
Since 8  i s  smal l  tan0 = s i ne  and us i ng  Eq. 6 
max max 
x = -  s i ne  
max n  max 
W 
X = 0 . 0 1 4 4 ~  
max 
X = O.C)203Y 
max 
(32x lens )  
(50x lens )  
I t  should  be po in ted  ou t  t h a t  t h i s  a n a l y s i s  does n o t  cons ider  
t he  e f f e c t ' o f  d e f r a c t i o n  which would modi fy  t he  cons tan ts  i n  Eqs. 22. 
The express ions a r e  q u a l i t a t i v e l y  c o r r e c t ,  however, and t he  conc lus i on  
i s  t h a t  t he  f i e l d  o f  v iew f o r  t he  v i r t u a l  image increases l i n e a r l y  w i t h  
Y u n t i l  t he  f i e l d  o f  view o f  t he  lens o r  camera i s  reached. 
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4. RESULTS AND CONCLUSIONS 
4.1 - Resu l ts  
The r e s u l t s  o f  t h i s  s tudy  a re  q u a l i t a t i v e  i n  n a t u r e  due t o  the  
d i f f i c u l t y  i n  o b t a i n i n g  s u f f i c i e n t  l i g h t  i n t e n s i t y  t o  produce f i l m s  con- 
t a i n i n g  s u f f i c i e n t  p a r t i c l e s  t o  make da ta  a n a l y s i s  f e a s i b l e .  A l though t h e  
same l i g h t  source was used s u c c e s s f u l l y  i n  t he  method descr ibed  i n  WRC 
Research Report  13, t he  system which focused the  l i g h t  on t he  p a r t i c l e  was 
d i f f e r e n t .  I n  Report  13 a  conven t iona l  d a r k f i e l d  condenser was used and 
p o s i t i o n e d  d i r e c t l y  over  t he  p a r t i c l e .  Th is  was n o t  p o s s i b l e  i n  t h i s  s tudy 
due t o  t he  p r o x i m i t y  o f  t he  p a r t i c l e  t o  the  w a l l .  The lens  system t h a t  was 
used was appa ren t l y  n o t  capable o f  f ocus ing  the  l i g h t  p r o p e r l y  so t h a t  
photographs cou ld  be taken. The p a r t i c l e s  were v i s i b l e  t o  the  eye through 
the microscope bu t  were n o t  exposed i n  s u f f i c i e n t  q u a n t i t y  on t he  f i l m .  
Given more t ime,  suppor t  and exper ienced l a b o r a t o r y  ass is tance  
t h i s  problem cou ld  c e r t a i n l y  be overcome. However, recen t  developments 
i n  the  f i e l d  o f  sur face h o t  f i l m  anemometer probes make i t  e v i d e n t  t h a t  
t he re  a r e  b e t t e r  ways t o  i n v e s t i g a t e  shear s t r e s s  d i s t r i b u t i o n  around a  
we t ted  pe r ime te r .  
However, the  method i t s e l f  has g r e a t  p o t e n t i a l  i n  boundary 
l a y e r  s t ud ies .  For example, i t  p rov ides  a  way o f  s t udy ing  the  f l o w  around 
a  h o t  w i r e  o r  f i l m  anemometer and p o s s i b l y  making a  p r imary  c a l i b r a t i o n .  
Sublayer tu rbu lence  can be observed and measured and f l o w  around roughness 
elements on the  boundary can be observed. 
The l i g h t i n g  problem was t he  o n l y  s i g n i f i c a n t  d i f f i c u l t y  en- 
countered. The method i s  g e n e r a l l y  s u p e r i o r  t o  the  r e a l  image method 
descr ibed  on WRC Report  13 because the  u n c e r t a i n t y  assoc ia ted  w i t h  t h e  
p a r t i c l e  l o c a t i o n  has been removed. The d i s t a n c e  from the  w a l l  can be 
determined d i r e c t l y  f rom the  f i l m  q u i t e  a c c u r a t e l y  as shown i n  Chapter 3.  
O f  course t h e r e  i s  s t i l l  some u n c e r t a i n t y  regard ing  the  l o c a t i o n  w i t h  
respect  t o  t he  channel bot tom due t o  t he  f i n i t e  depth o f  f i e l d ,  however, 
t h i s  i s  n o t  s i g n i f i c a n t  except  ve r y  near t he  bot tom where a  h i g h  v e r t i -  
c a l  v e l o c i t y  g r a d i e n t  e x i s t s .  Away f rom the  bot tom the  g r a d i e n t  across 
t h e  depth o f  f i e l d  i s  ve r y  smal l  and p robab ly  i s  n o t  s i g n i f i c a n t .  
4.2 - Conclusions 
Based o n  t h i s  s tudy  the  f o l  lowing conc lus ions  can be made: 
1 .  The most d i f f i c u l t  exper imenta l  problem i n  adap t ing  the  image 
method i s  o b t a i n i n g  adequate l i g h t i n g .  The system used t o  focus t h e  l i g h t  
on t h e  p a r t i c l e  i s  ve r y  impor tan t .  
2. The image method overcomes t h e  disadvantages o f  t h e  p a r a l l e l  
p lane method s i nce  t he  d i s t a n c e  o f  t he  p a r t i c l e  f rom the  w a l l  can be de- 
termined d i r e c t l y  f rom the  f i l m .  
3. The image method can y i e l d  v e l o c i t y  i n f o r m a t i o n  t o  w i t h i n  
severa l  microns o f  t he  w a l l .  Th i s  i s  n o t  p o s s i b l e  us i ng  any t ype  o f  
v e l o c i t y  probe. 
4. The amount o f  work needed t o  reduce t he  da ta  i s  s i g n i f i c a n t  
and p robab l y  i s  n o t  j u s t i f i e d  i f  boundary shear s t r e s s  i n f o r m a t i o n  i s  the  
o n l y  r e s u l t  o f  i n t e r e s t .  I n  t h i s  case o t h e r  methods such as t he  ho t  f i l m  
anemometer su r f ace  probe should  be cons idered.  However, i f  v e l o c i t y  da ta  
a r e  o f  i n t e r e s t  the  method may be q u i t e  va l uab le .  
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